Tethering is a screening technique for discovering small-molecule fragments that bind to pre-determined sites via formation of a disulphide bond. Tethering screens traditionally rely upon mass spectrometry to detect disulphide bind formation, which requires a timeconsuming liquid chromatography step. Here we show that Tethering can be performed rapidly and inexpensively using a homogenous fluorescence polarization (FP) assay that detects displacement of a peptide ligand from the protein target as an indirect readout of disulphide formation. We apply this method, termed FP Tethering, to identify fragments that disrupt the protein-protein interaction between the KIX domain of the transcriptional coactivator CBP and the transcriptional activator peptide pKID.
Introduction
Protein-protein interactions (PPIs) underpin all cellular processes, and dysregulation of PPI networks is strongly correlated with human disease.
1 For this reason, synthetic molecules that modulate PPIs are highly sought tools. Despite their importance, small molecule PPIs modulators are difficult to obtain through either screening or design.
2 This is largely due to the intrinsic features of PPIs, most of which are comprised of significantly larger surface area (average ~1949 ± 760 Å 2 ) than typical protein-ligand interfaces and are often flatter with few interaction features. 3 Indeed, PPIs have often been described as 'undruggable' due to the challenges associated with identifying small molecules that can effectively engage these binding interfaces.
Tethering is a screening strategy that circumvents many of the difficulties associated with PPIs and has been successfully used to discover a range of small molecule modulators. 4, 5 It is a fragment discovery method in which a library of disulphide-containing fragments (MW <300 Da) are screened under reversible conditions against a protein target bearing a native or engineered cysteine adjacent to the binding site of interest (Figure 1a) . 6, 7 Fragments that interact favourably with the protein target bias the equilibrium towards the mixed disulphide, which is subsequently detected by liquid chromatography-mass spectrometry (LC-MS) (Figure 1b) . The resulting fragment molecules can be converted to non-covalent inhibitors by growing the fragment or used as covalent binders for functional and biophysical studies. 8 We recently reported the application of Tethering to discover small molecule ligands for the KIX domain of the master coactivator CBP/p300. 9 Several fragments identified from this screen proved to be excellent inhibitors of the PPI formed between KIX and the transcriptional activator MLL as well as enhancers of the complex that KIX forms with the transcriptional activation domain of CREB (pKID). Nonetheless, we noted that some of the fragments that bound to KIX efficiently did not affect KIX PPIs. In retrospect this is not surprising since the readout of the screen is binding, not inhibition. We hypothesized that combining Tethering with a binding readout would provide a more direct route to PPI modulators (Figure 1b) . Here we show that fluorescence polarization (FP) Tethering is a rapid method for the direct discovery of PPI modulators and use this method for the identification of effective inhibitors of the complex formed between KIX and pKID.
Results and Discussion
Fluorescence Polarisation (FP) is a homogenous, mix-and-read method used to directly measure the fraction of a small fluorescently-labelled peptide tracer that is bound to a larger protein. 10 Binding of the tracer to the protein results in high fluorescence polarization, but the tracer's fluorescence is rapidly depolarized following displacement by an unlabelled ligand (Figure 1b) . 11 This type of ligand displacement assay provides a way to measure the affinity between the protein target and an unlabelled ligand. However, FP ligand displacement assays are less sensitive than x-ray crystallography or NMR for detecting the low affinity interactions of fragments, which typically occur in the hundreds of micromolar to millimolar range. 12, 13 Since Tethering of fragments via a disulphide bond enhances their affinity 10-to 100-fold, we reasoned that these binding events should be detectable by FP.
To test this approach we first used the results from our earlier Tethering screen against cysteine mutants of the KIX domain. The KIX domain is a small (90 residue) three-helix bundle containing two binding sites that can be occupied simultaneously by different transcriptional activators ( Figure 1c ). [14] [15] [16] [17] [18] These two binding sites are in allosteric communication, with the binding of MLL in the smaller and deeper of the two sites leading to up to 2-fold enhancement of binding with activators such as pKID (the transcriptional activation domain of CREB) at the second, more shallow binding site. 16, 19 Two disulphide fragments isolated from the original Tethering screen bind well to a N627C mutant of KIX, fragments 1A10 and 1C11, and also were effective inhibitors of MLL binding when covalently associated with KIX N627C. 9 Rather than measuring binding inhibition using a fully labeled protein, we reasoned a competitive inhibition readout could report on fragment-labelling of the KIX N627C mutant during the Tethering reaction. Indeed, in the presence of 5 mM BME, 82% of the KIX N627C mutant was labelled in the presence of 250 µM of 1A10, and inhibition of a fluorescently-labeled MLL peptide was observed in a dose-dependent fashion as a functional consequence of protein labeling (IC 50 68 µM, see SI Figure S1 ). The ability to increase or decrease percent inhibition levels by changing the BME concentration affords a control for ruling out fluorescent impurities or other false positives.
Next, 80 disulphide-containing fragments were screened at two different β-ME concentrations against the KIX N627C mutant (Figure 2b) . The FP Tethering screen identified the same set of ligands that were previously identified in the MS-based screen (Figure 2c ). Notably the hits that resulted in the largest inhibition of the KIX domain and MLL interaction were also the most potent hits from our MS-based screen (data not shown). These results suggested that the FP Tethering assay was suitable for high-throughput identification of fragments that disrupt the interaction between KIX and its coactivators.
To test the FP Tethering approach in a pure discovery mode, we targeted the second binding site within the KIX domain, that used by pKID in addition to the activator c-Myb. This is the considerably more challenging of the two sites, with a larger surface area (1480 Å 2 ) and a less defined surface. 20 In preparation for the screen, we mutated several residues lining the binding site to cysteine and determined the affinity of the mutant KIX domains for both pKID and c-Myb tracers (see SI Table S1 ). The KIX H602C mutant retained its affinity for both tracers and it was thus chosen for the FP Tethering screen. The competition assay was developed with 25 nM FITC-labelled pKID and 4 µM of KIX H602C. These conditions were sufficient to detect displacement of FITC-labelled pKID tracer from the KIX domain by the unlabelled pKID peptide.
With these assay conditions in hand, we screened 960 disulphide-containing fragments at three different β-ME concentrations against a fluorescent pKID tracer in complex with KIX H602C (Figure 3a) . Fragments that yielded total fluorescence intensities (TFI) greater than 150% of the DMSO control wells were flagged as fluorescent artifacts and excluded from further analysis. Next the remaining fragments were ranked according to percent inhibition of pKID binding across the three β-ME concentrations ( Figure 3b ). As expected, the highest stringency of 5 mM β-ME resulted in decreased inhibition relative to the lower β-ME concentrations. The two lower β-ME concentrations, 0.2 mM and 1 mM, deviated from this trend in which the lowest percent inhibition fluctuated between 1 mM β-ME and 0.2 mM β-ME for the different fragments.
From the top hits, 10 disulphides were cherry-picked for validation by LC-MS analysis ( Figure  3c ). All of these fragments covalently labelled the KIX domain. However 2E10 was likely a false positive given its high percent inhibition by FP yet a low degree of labelling by MS. Comparison of labelling across the three β-ME concentrations reveals the relative potencies of the fragments. From the ten hits, two fragments, 3D4 and 6D11 were chosen for further characterisation. The fragment 3D4 labelled KIX H602C more effectively than any other fragments and maintained a high percent inhibition of pKID even at 5 mM β-ME (31%) ( Figure  3d ). The fragment 6D11 had the highest average percent inhibition of pKID for the three β-ME concentration. Notably, percent labelling did not always correlate with inhibition of pKID binding. While fragment 3D4 labelled KIX ~70% at 5 mM β-ME, this only resulted in 24% inhibition of pKID binding. The larger fragment 6D11 labelled KIX only ~15% at 5 mM β-ME, but this translated to nearly equivalent inhibition (22%) of pKID binding. This finding suggests that although 6D11 may exhibit weaker overall potency, it is the more efficient inhibitor. Other top hits replaced the diphenylamine moiety in 6D11 for a diphenylmethane or 2-chloro-2-Nphenylaniline. These changes did not improve their ability to displace the pKID tracer, but their ability to bind to the KIX H602C mutant improved slightly. The disulphide fragment library contained several variants of the core scaffolds of 3D4 and 6D11 and a comparison revealed that both structures are sensitive to substituent placement and identity; this is particularly true for 6D11 where modifications of the distal aromatic ring leads to dramatic changes in inhibition (SI Figure S2 ).
For comparison to previous LC-MS Tethering screens, dose-response curves were determined for 3D4 and 6D11 using LC-MS to determine the percent of KIX H602C mutant bound to the fragment. (Figure 4a) . The concentration at which 50% of the KIX H602C mutant is bound by the fragment (DR 50 ) was lower with the fragment 3D4 than 6D11. This finding was consistent with single point LC-MS measurements in which the fragment 3D4 was more potent than the fragment 6D11.
Finally, we labelled greater than 90% of KIX H602C with the 3D4 fragment and used this protein-ligand conjugate for direct binding experiments with the MLL, pKID, and c-Myb tracers. The equilibrium dissociation constant (K d ) of each tracer for the KIX-3D4 conjugate was assessed by a binding isotherm that accounts for ligand depletion.
10, 21 Surprisingly, 3D4 not only increases the K d for binding to pKID (6.5-fold) and c-Myb (9-fold) but also MLL (9-fold), which binds on the opposite face of the KIX domain. This finding demonstrates a negative allosteric coupling between the pKID-and MLL-binding sites, the first observation of this phenomenon. Given that 3D4 disrupts the binding of all three coactivator peptides, we are pursuing irreversible covalent analogues as chemical probes for studying CBP/p300 biology.
In conclusion, FP Tethering is an efficient and accessible screening format for identifying fragments that disrupt a PPI. This method was successfully benchmarked against a previous MS-based Tethering screen on the MLL-binding site of KIX. Application of this method in discovery mode against a more challenging surface within KIX, the broad interface of the KIX:pKID complex, was also a success. FP Tethering lead to 9 fragments confirmed to displace pKID from the KIX domain and by covalently labelling the protein. These molecules represent promising leads for follow-up studies. More broadly, these results suggest that Tethering could be combined with any binding assay that is compatible with disulphide-containing molecules and β-ME, 22, 23 increasingly the accessibility of this important technology. The percent of pKID displaced from KIX H602C is shown for 960 small-molecule disulphides at low, medium, and high stringency (0.2 mM, 1 mM, and 5 mM β-ME, respectively). C) The percent of KIX H602C that is labelled by the top 10 small-molecule disulphides was measured by mass spectrometry (MS). The reaction was performed with increasing stringency to permit assessment of relative affinities. D) The structures and properties of ligands that displace pKID from KIX H602C. 
